Our study was conducted on 40 Norway spruces [Picea abies (L.) Karst.] from a stand located in the Belgian Ardennes. Twenty trees were randomly sampled from a slow-growth category, and twenty others from a fast -growth category. The hypothesis under testing is fourfold: increased tree growth rate may affect 1) the intra-ring weighted frequency distribution of tracheid length, 2) the inter-ring variation (from pith to bark) of the parameters describing this frequency distribution, 3) the interring variation of the mean tracheid length, and 4) the correlation between yearly mean tracheid length and yearly ring width. Prior to hypothesis testing, a Gaussian non-linear model with two parameters, 11 (central tendency) and a 2 (dispersion), was found to fit adequately the intra-ring weighted frequency distribution of tracheid length. As the estimates of 11 and a 2 increased from pith to bark (with an exponential relationship between a 2 and 11), so did the yearly mean tracheid length. Differences between growth categories in the three variables (i.e., 11-and aLestimates, mean tracheid length) were not significant, although the difference in mean tracheid length was constant in magnitude and sign over rings. The initially strong and negative correlation between mean tracheid length and ring width disappeared when the effects of autocorrelation and heterogeneity of variance were removed, except for trees whose average growth rate in circumference was maintained above 2.2 cm/year by thinnings.
INTRODUCTION
The selection of a suitable tree species for the pulp and paper industry depends on the specific gravity and yield of wood as well as on the anatomical characteristics of fibres (Dinwoodie 1966; Wright & Sluis-Cremer 1992; Rudie et al. 1994; Brolin et al. 1995) . Stimulation of the tree growth rate affects the formation of wood and hence, its technological and anatomical properties (Senft et al. 1985; Bendtsen & Senft 1986; Keith & Chauret 1988; De Kort et al. 1991) . The use of tracheids from fast-grown trees in the paper industry can thus induce significant changes in paper properties because of the relationships of tracheid length with strength properties of paper such as tensile, bursting, tearing, and folding (Clark 1962; Smook 1988; Corson 1991) .
Since Sanio's work on Scotch pine in 1872, tracheid length has been the subject of numerous studies and the general pattern of tracheid length variation in conifers is weIl known. From pith to bark, tracheid length increases rapidly and non-linearly during the juvenile period of the tree, and then more gradually in the mature wood (e.g., Dinwoodie 1961; Seth 1981; Taylor & Burton 1982; Baas et al. 1986; FrimpongMensah 1987) . In a given annual growth increment, the longest tracheids are observed at intermediate to higher positions on the crown-free bole (Wheeler et al. 1966; Nicholls 1986; Ramm 1989) . Within a growth ring, tracheid length increases from earlywood to latewood (Chalk & Ortiz 1961; Seth & Jain 1976; Seth et al. 1987 ).
For quality control purposes in industry, pulp is classified according to different fibre length fractions in the mix (Dodd 1986 ). Rowever, little is known of how intraring frequency distribution of tracheid length changes from pith to bark. As an exception, Ramm (1989) reported without extensive documentation that in Douglas fir, the mean tracheid length increased with age across the stem, while the variability increased dramaticaIly.
Although the major patterns of radial and vertical variations in wood quality are known to be related to long-term growth effects (Frimpong-Mensah 1987) , controversy exists about the effects of increased growth rate on tracheid length and the relationship of mean tracheid length with ring width. In fact, whereas it is largely held that the wider the growth ring, the lower the mean tracheid length (Dinwoodie 1965) , contradictory results are reported (Zobel & Van Buijtenen 1989) . Failure to account for the inherent variation of tracheid length with cambial age or distance from the pith may have originated the contradiction.
The study reported here was conducted on 40 Norway spruces [Picea abies (L.) Karst.] from a stand located in the Belgian Ardennes; twenty were randomly sampled in a slow-growth category, twenty in a fast-growth category. The definition of growth categories (detailed in the next section) was based on an average annual increment in circumference. Firstly, we considered a Gaussian non-linear model with two parameters, Il (central tendency) and 0'2 (dispersion), to describe the intra-ring variation of tracheid length. Subsequently, we assessed the effects of increased growth rate on: 1) the intra-ring weighted frequency distribution of tracheid length, 2) the inter-ring variation (from pith to bark) of the model parameters 11 and 0' 2, 3) the inter-ring variation of the yearly mean tracheid length, and 4) the correlation between yearly mean tracheid length and yearly ring width for each growth category, before and after first thinning. Special attention has been paid to the temporal structure (i. e., temporal mean, variance and autocorrelation) of the chronologies of wood technology variables in the statistical analyses. A 'chronology' is referred to as a time series of yearly meas-urements; the inter-ring variation is called 'temporal trajectory' hereafter to emphasi se the fact that time (i, e., the year), rather than the physical distance from the pith, is used to identify the measurements from pith to bark.
MATERIALS AND METHODS

Definition 0/ growth rate and growth categories
In the present study, 'growth rate' does not refer to the average ring width of a tree.
It refers instead to an average annual increment in circumference of the trunk at a given height, and is defined over a given number of years as the ratio of the increment in circumference to the corresponding number of years. Whatever combination of factors (e.g., genetic, environmental, silvicultural) govems the secondary increment of the tree, the outcome is that the tree has grown in circumference during a given interval of time. The growth rate in circumference then provides an expression of the average growth speed of the tree.
In Belgium, it is acknowledged (Anonymous 1981 ) that a Norway spruce stand planted on a given year and managed thereafter by the Forestry Services as an evenaged high forest (i.e., a forest where trees have almost the same age) is characterised by an average growth rate in circumference of 2.2 cm/year at the end of the rotation period (i. e., time separating final harvesting from establishment of the stand plantation). Considering this figure as reference, a slow-grown (fast-grown) Norway spruce is defined here as a tree whose growth rate in circumference is smaller (greater) than 2.2 cm/year. From a silvicultural perspective, the fast-growth category is likely to include dominant or co-dominant trees characterised by a better genetic potential or trees coming from stands that benefited from a favourable treatment or environment (e.g., heavy thinning, fertilisation). The slow-growth category may include dominant trees from weakly thinned plantations or dominated trees which are suppressed when managing heavy thinnings. However, both growth categories included only dominant and codominant trees in our study (see next section). With littIe modification to the definitions above, any tree of astand may be classified as slow-grown or fast-grown.
Tree sampling
The trees used for the present study have been harvested in an experimental evenaged high forest located at an altitude of 390 m in the Belgian Ardennes near Rendeux (50° 13' 15" N latitude, 05° 27' OS" E longitude). The mean annual precipitation is about 1,078 mm/year and the yearly average temperature is 7.05 oe. Norway spruce was planted in this old agricultural soil of the acid-brown soil category in 1949. A general research programme about the infIuence of five thinning intensities on both the ecology and the wood productivity of the stand was initiated in 1969 (i. e., year of the first thinning). A detailed experimental design is available in other publications (Andre 1976; Andre et al. 1994) , where the application of heavy thinnings was shown to speed up tree growth by decreasing competition and increasing the development of the crown.
An average annual increment in circumference (growth rate), as measured at breast height (1.5 m), was computed for each individual tree for the period of 1970 to 1987. The classification of trees as slow-grown vs. fast-grown followed from the definition of growth categories (see above). Trees showing technological defects (e.g., injuries, twisted grain, plane shape) were discarded. From the remainder, ten spruces were randomly sampled within each growth category and harvested in December 1987; a similar procedure was followed in December 1993, providing a total of 40 sampled trees (i.e., 20 slow-grown and 20 fast-grown).
The slow-grown spruces sampled had a mean circumference of 76 cm in 1987 and a mean growth rate of 1.7 cm/year with a range of 1.3 to 2.2 cm/year, whereas the fast-grown ones had a mean circumference of 97 cm in 1987 and a mean growth rate of 2.7 cm/year with a range of2.3 to 3.6 cm/year (Table 1) . Given the total height of the sampled trees (Table 1 ) and the stand heights recorded in 1987 (25 m) and 1993 (26 m), there is no evidence for dominated trees among the 40 spruces of our study. Four of the slow-grown trees sampled (i. e., 331, 334, 335, 5084) were merely a few metres shorter than the dominant trees, and could therefore be called co-dominant. Variables under analysis For each of the 40 trees sampled, a 15 cm-thick slice was cut from the trunk at 2.3 m height because the lower base of the log was not available for measurements.
Along the north radius of each cross-sectional disc, two 2 cm-thick wedges of wood were sawn from pith to bark. This direction was chosen in order to minimise the occurrence of compression wood due to westerly prevailing winds.
Prior to tracheid length measurement, the growth increments were first separated with a chiseI. Each selected growth ring was then macerated in a boiling solution of acetic acid (1/3) and hydrogen peroxide 27% (2/3) for two hours. Tracheid lengths were measured with a Kajaani, Finland) . The number of tracheids measured per growth ring ranged between 12,500 and 15,000.
A buiIt-in microprocessor along with a printer and a plotter connected to the fibre length analyser produced a printout of the number of tracheids per 0.2 mm length category with the corresponding plot of the intra-ring frequency distribution in the weighted form. The use of a weighted average tracheid length instead of the arithmetic mean reduces the impact of cut or broken tracheids, as weIl as the ray parenchyma elements, which the Kajaani is not able to distinguish from whole tracheids (Hamm 1989) . We used the weighted average tracheid length calculated as folIows: In addition, the arithmetic length frequency distribution tends to be strongly bimodal in nature (Hamm 1989) . When the lengths are weighted, the first peak of the arithmetic distribution tends to disappear. Therefore, the weighted frequency of tracheid length for the i th category is calculated as folIows:
The weighted frequency distribution of tracheid length gives more complete information to the papermaker, by emphasising the weight of each fibre category in the sample analysed. For the 40 Norway spruces sampled, the Lw data and the corresponding intra-ring frequency distribution are available every other year, starting with 1955. Whenever justified, variable Lw is called 'mean tracheid length' hereafter for simplicity.
Weighted frequency distribution plots (see, e.g., the observed curve in Figure 1 ) strongly suggested that a Gaussian non-linear model could adequately fit the intraring variation of tracheid length. The Gaussian model that we considered may be written as:
where Yi is the frequency (i. e., count) cOITesponding to the length category li' f.l is the parameter of central tendency, 0'2 is the parameter of dispersion, and Ei is a random eITor. In general, f.l or its estimate once the model is fitted will be elose to, but not strictly equal to, Lw (this point is investigated in the statistical analysis of the data), as the sampie mean may differ from the sampie median or mode when the sampie distribution is almost but not perfectly symmetrical. Both parameters f.l and 0'2 are constrained to be strict1y positive. The model above is exactly that of the normal distribution taught in introductory statistics courses. We studied the temporal trajectory of ring width for each growth category to show that the differences in the annual radial increment were well-marked between the growth categories as defined, and more importantly, to assess the growth rate effects on the cOITelation between yearly mean tracheid length and yearly ring width. For each tree, yearly ring widths were measured using a graduated micrometer under a traditional binocular lens. For all trees sampled, thirty-three annual growth rings were observed from 1955 to 1987; the first fifteen belong to the growing period before the first thinning (1955) (1956) (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) ; the other eighteen belong to the subsequent growing period with thinnings done every three years (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) .
Three 40 x 17 data tables for mean tracheid length Lw and the estimates of ~ and 0-2 resulted from the processes of measurement, calculation and model fitting (see below). One 40 x 33 data table resulted from ring width measurement. In each data table, there is one row per tree sampled and one column per year; whereas an individual tree is a 'subject', each row defines what is called an individual 'profile' in the jargon of repeated measures analysis (Crowder & Hand 1990; Dutilleul 1997) . For each variable and each growth category, a mean profile (i.e., a mean chronology) has been computed across the 20 individual profiles.
Statistical analyses 0/ the data
For each available weighted frequency distribution of tracheid length, the Gaussian non-linear model above was fitted by least-squares, using the NUN procedure of SAS (SAS Institute Inc. 1989a). The resulting estimates are denoted 11 and {;2.
For each variable (i. e., mean tracheid length Lw, /1, 0-2, ring width), classical t tests for equality of two means and classical F tests for homogeneity of two variances (Sokal & Rohlf 1995) were carried out between the growth categories, year by year. Both tests were performed with procedure TTEST of SAS Version 6 (SAS Institute Inc. 1989a).
The univariate approach to the analysis of variance for repeated measures (ANO-VAR) (Crowder & Hand 1990 ; Dutilleull997)was followed to assess 1) the betweensubjects effects of growth category, and 2) the within-subject effects of the year and its interaction with the growth category for the four variables (i. e., mean tracheid length Lw, 11, (;2, ring width). The SAS procedure used was PROC GLM with the REPEATED statement (SAS Institute Inc. 1989a).
A sirnilar approach was followed for the comparison between mean tracheid length and the fl-estimate; because of the paired nature of these data, the variable analysed was then Lw-Il.
Classical correlation analysis was performed on the mean chronologies of Lw and ring width, using PROC CORR (SAS Institute Inc. 1990); one half of the ring width data was discarded to match the mean tracheid length data. Separate correlation analyses were carried out before and after first thinning, on the raw data and the stationarised (i.e., detrended) data. Stationarisation was necessary to fulfil the assumption of homogeneity of the mean, as required by statistical inference in correlation analysis (Sokai & Rohlf 1995) ; technical details are given in the Appendix. The significance probabilities associated with the correlations computed on stationarised data were adjusted for heteroscedasticity (heterogeneity of the variance) and autocorrelation (lack of independence) by using the repeated-measures version of Dutilleul' s (1993) modified t test.
We used our own computer programs written in SAS /IML language (SAS Institute Inc. 1989b) to implement the stationarisation procedure and perform the modified correlation analysis.
RESULTS AND DISCUSSION
Intra-ring weighted jrequency distribution oj tracheid length
For all the rings analysed, the intra-ring weighted frequency distribution of tracheid length appears normal (see Figure 1 for an illustration). Strictly speaking, normality means, among other things, a symmetrical distribution around a central value which simultaneously is its mean, mode and median. In the present case, the distribution is almost symmetrical due to the presence of a second mode of moderate size on the left-hand side (Fig. 1) ; this secondary mode is probably due to ray parenchyma cells of which the length is about 0.1 to 0.4 mm (Yang 1987) . Otherwise, the tracheid lengths are distributed relatively evenly on each side of the main peak with approximately 95% of the distribution between 11 ± 1.96 a (see below). The remaining 5%
(excluding a few cut or overlapping tracheids) can be divided as 2.5% on the left (shortest tracheids coming from earlywood or intermediate wood) and 2.5% on the right (longest tracheids corning from true latewood). In other words, the Gaussian non-linear model seems to be biologically meaningful for the intra-ring weighted frequency distribution of tracheid length of Norway spruce.
This observation is confirmed by the model fitting, as the model sum of squares is much greater than the residual one for most of the rings analysed (see, e.g., Fig. 1 ). In the last rings, the distribution tended to be skewed (see hereafter) and there was merely satisfactory fitting. (The use of the determination coefficient R2 was not recommended because of the non-linearity of the model and the impossibility to make it linear.)
The parameter J.l and its estimate 11 represent a potential alternative to the usual weighted average Lw for characterising the mean value of tracheid length. The ANOVAR revealed positive and systematic differences Lw-~ within all rings across categories. These highly significant (p < 0.001) differences, which might be attributed to the weighing in the calculation ofLw, ranged between 0.150 and 0.195 mm before the first thinning and between 0.187 and 0.221 mm after the first thinning. On the other hand, the relative constancy of the differences over rings should result in parallel temporal trajectories of both variables (see next section). No significant effect of growth category was observed in Lw-Il.
Tracheid length is related to an important number of paper strength properties, but using the mean tracheid length in combination with the frequency distribution might help the papermaker to select the most appropriate wood material for his production process. The Gaussian model provides a better quantification of the range of tracheid lengths within eaeh ring, through the eomputation of 95% eonfidenee intervals around the arithmetie mean of the 11' s estimated for eaeh tree individually, as Parithmetic mean ± 1.96 ag~metriC mean, with 1.96, the 0.975-quantile of the standard no~al distribution, and crgeometric mean, the square root of the geometrie mean of the 02's estimated for eaeh tree individually. 
Inter-ring variation of the weighted frequency distribution of tracheid length
The intra-ring weighted frequency distribution of tracheid length can change substantially over years (see Figure 2 , which compares three characteristic growth rings in our study). For the 1955 ring near the pith Guvenile wood), the range of tracheid lengths is narrow ([0.0, 3.0] ). Moreover, the frequencies of 0.2 mm length categories are high between l.0 and 2.0 mm. The weighted frequency distribution of tracheid length is thus limited to a sharp peak in the short tracheid categories (Fig. 2a) . Later, growth rings of 1969 and 1987 have a wider range of tracheid lengths and the frequency distribution curve moves towards categories of Ion ger tracheids, while the maximum frequency drops to about 8% (Fig. 2b, c) . The inter-ring variation pattern of the intra-ring frequency distribution of tracheid length looks like a 'melting ice cream', expressing the simultaneous increase of both the central tendency and the dispersion of this variable across the stern in the Norway spruces. These observations refine those of Hamm (1989) who concluded that, although the mean tracheid length increas~d with age, the variability also increased dramatkally.
The phenomenon above may be attributed to fluctuations in the rate of cambil,lm cell division. During the formation of the juvenile wood, the rate of anticlinal (or multiplicative) division is high and the time interval between two successive anticlinal divisions is short, so that the elongation of fusiform initials is low. Over the following years, the rate of anticlinal division drops sharply and the length of the fusiform cells increases (Bannan 1967a ). This may explain the gradualoutward increase in the length of fusiform initials (panshin & De Zeeuw 1980) . The widened range of tra- cheid length categories may be due to very uneven anticlinal divisions. However, Bannan (1967b) concluded that, while celliength dimension may be regulated by this mechanism, it is also largely determined by the interplay of genetic, environmental, and ontogenetic factors. Furthermore, both growth categories show a remarkable exponential relationship between the two parameters ~ and 0'2 of the intra-ring frequency distribution of tracheid length (Fig. 3) . Inflated variability in tracheid length occurs in growth rings with longer tracheids. In other words, the larger the mean tracheid length, the wider the range of length categories and the faster the changes in variability. The growth category effect on the regression is moderate since, after log-transformation of the cr 2 -estimates, the determination coefficient R2 is 0.77 for the slow-grown spruces and 0.48 for the fast-grown ones.
Temporal trajectories oi Lw, 11 and (;2
The inter-ring variation (from pith to bark) of the usual weighted average tracheid length, Lw, is compared hereafter with that of the parameter of central tendency of the Gaussian model, ~. This comparison is followed by the results and discussion conceming the inter-ring variation of the parameter of dispersion, 0'2.
Both growth categories present a non-linear trajectory of mean tracheid length from pith to bark (Fig. 4a) , similar to other studies (e. g., Dinwoodie 1961; Seth 1981; Taylor & Burton 1982; Frimpong-Mensah 1987) . Tracheids are short near the pith and then increase in length very rapidly in the juvenile wood (e. g., Seth 1981; Shiokura 2) In the modified ANOVA procedure (within-tree effects), the probabilities of significance are adjusted by using the Greenhouse & Geisser's (1959) (G-G) and Huynh & Feldt's (1976) (H-F) estimates of Box's (1954a, b) epsilon correction factor. The correction applied to the number of degrees of freedom of the F test statistic aims to take the among-year autocorrelation and heteroscedasticity into account. 3) Lw = weighted average fibre length, also called mean tracheid length. 4) G C = growth category . 5) G C*Year = growth category-by-year interaction. 6) J.I = parameter of central tendency of the Gaussian non-linear model fitted to the intra-ring weighted frequency distribution of tracheid length; 11 is its estimate after the model is fitted. 7) cr 2 = parameter of dispension of the Gaussian model, with ~2 its estimate after fitting.
1984; Kucera 1994). The two mean chronologies cross in 1963. This illustrates the interaction between growth category and year before the first thinning, which is declared significant (p = 0.039, G-G) by the ANOVAR after correction for temporal autocorrelation and heteroscedasticity (Table 2 ). Tracheids oftrees classified as fastgrown on the basis of their circumference increment between 1970 and 1987 are, on average, a little longer in the first juvenile rings (i.e., unti11963) and a little shorter thereafter. A similar pattern has been reported in the four Norway spruces studied by Stairs et al. (1966) . Such a preconditioning of the temporal trajectory of mean tracheid length in fast-grown spruces remains to be confirmed by further studies. The year main effects are highly significant (p < 0.001), both before and after the first thinning (Table 2) .
After the first thinning, the tracheids of fast-grown spruces are, on average, 2.7% shorter than those of slow-grown spruces (3.15 ± 0.10 mm versus 3.24 ± 0.10 mm). Accordingly, the mean chronology of the fast-growth category is systematically below that of the slow-growth category (Fig. 4a) . Despite that, the difference between growth categories is not significant, except in 1979. Actually there is no evidence of growth rate effects on the temporal trajectory of mean tracheid length because the growth category main effects are not significant, nor is the interaction between growth category and year (Table 2) . If an increased growth rate results in an increased percentage of earlywood with relatively short tracheids (e.g., Zobel & Van Buijtenen 1989) , a statistically significant change in the pattern of temporal trajectory of tracheid length might be expected over the 1970-1987 growing period, but none was observed.
The ANOVAR on the difference Lw-~ revealed that the temporal trajectory of the Il-estimate was parallel to that of the mean tracheid length Lw (Fig. 4a, b) , the difference between the two curves being constant over rings (see the intra-ring variation section). Results for ~ are similar to those for Lw concerning the growth category main effects (non-significant) and year main effects (highly significant), b6th before and after the first thinning (Table 2) . Contrary to Lw, the interaction between growth category and year tends to be non-significant for ~ before the first thinning, after the correction for temporal autocorrelation and heteroscedasticity (p = 0.064, G-G). The increasing year effects on ~ (central tendency) reflect the translation ofthe intra-ring frequency distribution of tracheid length towards higher length categories over rings.
Strikingly, a linear trend pattern is observed in the temporal trajectory of the cr2-estimate, for both growth categories (Fig. 4c) . No significant difference between /'.. growth categories is to be reported, except in the variance of cr2 on some years (Fig.  4c) . The highly significant year main effects (Table 2) clearly point out the widening of the intra-ring frequency distribution of tracheid length over rings or, more precisely, the increase over years of the range of tracheid length categories within a growth ring (Fig. 2) .
Juvenile wood of conifers has a high variability in celliength, because there are significant changes in mean tracheid length over the first years of tree life; the mature wood zone has less variable mean tracheid length ( Fig. 4a, b ; see also Seth 1981; Zobel & Van Buijtenen 1989) . However, when analysing the intra-ring frequency distribution, the rings belonging to the juvenile wood have a narrower range of tracheid length categories than rings from the mature wood (Fig. 2, 3 & 4c) . From this point of view, juvenile wood may be considered less variable than mature wood. The narrow range in tracheid length of the growth rings near the pith may thus be considered as an additional characteristic of wood juvenility, whereas a wide range of tracheid length in a growth ring may be considered as a characteristic of mature wood. In our study, the important modifications of the environmental conditions due to thinnings, though well reflected in the temporal trajectories of ring width (Fig. 5) , did not significantly modify the frequency distribution of tracheid length in the mature wooq rings (Fig. 4 ; see also the absence of any significant effects related io growth category after the first thinning for Lw, ~ and ;Z in Table 2 
Correlation between yearly mean tracheid length and yearly ring width
This widely studied relationship is assessed here in a within-tree approach incorporating time as an intrinsic factor. Growth rate effects were assessed by analysing the correlation per growth category. The selected trees fit wen into their growth categories and the impact of thinnings on the radial growth is also apparent (see the highly significant main effects of growth categories in Table 2 ). In particular, the average ring width after the first thinning (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) is about 56% higher for the fast-grown spruces (3.91 ± 0.26 mm versus 2.51 ± 0.24 mm). The correlations are reported for both the raw data and the stationarised (i.e., detrended) data, before and after the first thinning (Table 3) . Table 3 . Within-tree Pearson's correlation coefficients between yearly mean tracheid length and yearly ring width, as computed on the mean chronologies from each growth category, for the raw data and the stationarised data, before and after first thinning. Based on the raw data over the 1955-1969 growing period (i. e., before the first thinning), mean tracheid length and ring width seem to be negatively correlated, whatever the category (Fig. 6a ). This agrees with previous studies (e. g., Dinwoodie 1961) . However, in the present case, the 1955-1969 growing period includes the very first rings that constitute the juvenile wood (Senft et al. 1985; Shiokura 1984) . Juvenile wood is characterised by a decreasing trend in ring width (Fig. 5 ) in response to competition, and a simultaneous tendency for mean tracheid length to increase ( Fig. 4a ; see also Seth 1981) . Accordingly, the strong negative relationship observed between mean tracheid length and ring width results merely from a normal pattern of variation in these variables during the first growing period. Furthermore, their correlation cannot be tested and even estimated correctly on the raw data because of the nonstationarity of their mean, that is, the mean value of the variables is not constant over time, while the homogeneity of the mean is a classical assumption required by statistical inference in correlation analysis (Sokal & Rohlf 1995) .
Over the 1970-1987 growing period, a strong negative correlation between mean tracheid length and ring width is observed on the raw mean chronologies of the fastgrowth category (Table 3) , which reflects the sustained decrease of tracheid length combined with the simultaneous increase of the tree ring width after the first thinning. This relationship is well documented in the literature (e. g., Dinwoodie 1961; FrimpongMensah 1987; Stahl 1988; Ringo & Klem 1989) . Bannan (1967a) reported that the maximum cell length in Pinus strobus L. was associated with a ring width of about 0.8 mm and that an acceleration of radial growth above this level induced areduction in celliength. In our case, the difference between growth categories in the magnitude of the correlation is high and in favour of the fast-growth category. The increase of spruce growth rate, which is reflected in the temporal trajectory of ring width (Fig. 5) , would thus affect the relationship between mean tracheid length and ring width (Fig.6a) .
Nevertheless, a reservation similar to that formulated for the raw data before 1969 must be expressed here, in relation to the non-stationarity of the mean for the raw data after 1969 (see the significant year main effects reported in Table 2 ). Furthermore, a characteristic inherent to our data is that for each variable (mean tracheid length Lw, ~, dl, ring width), measurements were made repeatedly on the same tree at different time points.
The data analysed here are thus chronologies or time-series data, which typically present heteroscedasticity and autocorrelation in addition to non-stationarity of the mean. Taking these temporal characteristics into account, by modified t testing (Dutilleu11993) and stationarisation ofthe mean (see Appendix), can change the value of the correlations and the prob ability of significance associated with them. It was thus worthwhile to go further into the correlation analysis of the data. (Similarly, the possible presence of heteroscedasticity and autocorrelation in our data motivated the recourse to t1:)e ANOVAR, which found its confirmätion in the low values of epsilon reported in Table 2 .) Based on the stationarised mean chronologies and with modified t testing (Table 3 ; see also Fig. 6b) , the correlation between mean tracheid length and ring width, which was declared highly significant by the classical t test on the raw data before the first thinning, is still negative but non-significant for both growth categories. In other words, after partialling out the time effects (in the mean, variance and autocorrelation), the chronologies do not present any statistically significant correlation during the juvenile period of growth, whatever the growth category. However, the fast-grown Norway spruces still show a strong negative correlation during the mature period of growth from 1970 to 1987. While it is significant (p < 0.05) without modified t testing, this correlation maintains its statistical significance at the 0.1 level when temporal autocorrelation and heteroscedasticity are taken into account by modified t testing (Table 3) . In oUf study, a statistically significant (p < 0.1) relationship between yearly mean tracheid length and yearly ring width was observed only for the fast-grown Norway spruces. To this extent, it may be advanced that the growth rate has affected the magnitude of the relationship between the two variables.
CONCLUSIONS
A Gaussian non-linear model with two parameters, fl (central tendency) and (j2 (dispersion), has been shown to fit adequately the intra-ring weighted frequency distribution of tracheid length in Norway spruce under Belgian stand conditions. In particular, the fl-estimate has been found to be significantly different from the usual weighted average tracheid length Lw consistently over rings; however, because of the constancy of the difference, the temporal trajectories of Lw and ~ are almost parallel over the 1955-1987 growing period.
The inter-ring variation of tracheid length is characterised by the simultaneous increase of fl and (j2 from pith to bark, fOllowing a 'melting ice cream' effect as displayed in the frequency plots. More specifically, an exponential relationship between the two parameters has been pointed out. The tracheid length tends to increase on average through the stern, while its variabilityincreases exponentially. No growth rate effect was found for any of the two parameters.
While increased growth rate deeply affects the temporal trajectory of radial ring width, the difference between growth categories in mean tracheid length is not significant although the slow-grown Norway spruces have systematically longer tracheids than the fast-grown ones after the first thinning. On the other hand, a growth rate effect was observed in the correlation between mean tracheid length and ring width after the first thinning. In fact, this correlation was found to be statistically significant only for the fast-grown Norway spruces which are characterised by a growth rate greater than 2.2 cm/year in circumference. A within-tree approach based on the intra-ring and inter-ring variations of tracheid length should thus help eliminate contradiction from future studies about the effects of increased growth rate on tracheid length and the relationship of mean tracheid length with ring width.
A classical stepwise regression procedure (Draper & Smith 1981 ) is then performed on the mean chronology, by using the L·l metric instead of the Euclidian and assessing the increase of the model explanation by F testing. A special feature of the procedure, however, is that the P-columns are used as potential explanatory variables in the regres~on model y = P b + E, where the covariance matrix of the errors E is estimated by L. As a result, selection is made not on the order of the polynomial b o + bl T + b2 T2 + ... but on the variables P [k] to be retained in the model. In particular, the procedure may select P [2] without retaining P [1] .
Once the variables P [k] are selected and the corresponding model is fitted, the GLS estimate of the regression coefficients b
is used for the computation of Pb, which in turn is used as GLS estimator of the mean of y and substracted from the individual chronologies; finally, the estimate of the covariance matrix of E is updated.
The procedure is to be repeated for each of the two variables analysed for their correlation. When available, the final update~ estimates of their respective covariance matrix are then used in the computation of M -2, the modified number of degrees of freedom of the t test statistic (Dutilleul1993: 310).
Stationarisation (i. e., removal of the non-stationarity in mean) prior to correlation analysis provides working conditions similar to those under which Dutilleul's (1993) modified t test has been developed. Based on simulation results (not reported here), the GLS procedure above is effective, whatever the correlation statistic used (Pearson's or Spearman's).
